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Abstract 

Background: Foundry work is associated witli serious occupational hazards. Although several studies have investigated the 
health risks associated with foundry work, the results of these studies have been inconsistent with the exception of an 
increased lung cancer risk. The current study evaluated the mortality of Korean foundry workers due to malignant and non- 
malignant diseases. 

Methods: Jh\s study is part of an ongoing investigation of Korean foundry workers. To date, we have observed more than 
150,000 person-years in male foundry production workers. In the current study, we stratified mortality ratios by the 
following job categories: melting-pouring, molding-coremaking, fettling, and uncategorized production work. We 
calculated standard mortality ratios (SIVIR) of foundry workers compare to general Korean men and relative risk (RR) of 
mortality of foundry production workers reference to non-production worker, respectively. 

Results: Korean foundry production workers had a significantly higher risk of mortality due to malignant disease, including 
stomach (RR: 3.96; 95% CI: 1.41-11.06) and lung cancer (RR: 2.08; 95% CI: 1.01-4.30), compared with non-production 
workers. High mortality ratios were also observed for non-malignant diseases, including diseases of the circulatory (RR: 1.92; 
95% CI: 1.18-3.14), respiratory (RR: 1.71; 95% CI: 1.52-21.42 for uncategorized production worker), and digestive (RR: 2.27; 
95% CI: 1.22-4.24) systems, as well as for injuries (RR: 2.36; 95% CI: 1.52-3.66) including suicide (RR: 3.64; 95% CI: 1.32-10.01). 

Conclusion:lh\s study suggests that foundry production work significantly increases the risk of mortality due to some kinds 
of malignant and non-malignant diseases compared with non-production work. 
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Introduction 

Foundry work is an important component of the steel 
manufacturing industry that involves various processes in the 
casting of molten metal. During these processes, foundry workers 
can be exposed to toxic metals (e.g., chromium, manganese, lead, 
and cadmium), polycyclic aromatic hydrocarbons (PAH), crystal- 
line silica, asbestos, benzene, formaldehyde, and carbon monoxide 
(CO) [1]. The extreme temperatures are most well-known 
characteristics of foundry process. The heavy physical workloads 
are occurred when pouring, moldings as well as fettiing process are 
done by manually. These chemicophysical characteristic linked to 
various disease [2] , and the heavy physical workload increased risk 
of fatal injury [3] . 

The risk of lung cancer among foundry workers is 1.5 to 2.5 
times higher than the general population [4] . The high risk of lung 
cancer among foundry workers is an important health concern 
worldwide, and the International Agency for Research on Cancer 
considers foundry work as a significant cause of exposure to lung 
carcinogens [5]. Several studies have also reported that foundry 
workers have an increased risk of non-Hodgkin's lymphoma as 
well as nasopharyngeal, gastrointestinal, prostate, and kidney 



cancers [6-8]. However, the results of these studies have been 
inconsistent, and the risks of these cancers, excluding lung cancer, 
have not been extensively studied. Our large prospective cohort 
study therefore has the potential to contribute significandy to the 
current knowledge on the association between foundry work and 
cancer risk. 

A few studies have also highlighted the risks of non-malignant 
diseases such as respiratory, autoimmune, and cardiovascular 
diseases [2] as well as fatal injuries among foundry workers [1,3]. 
The level of exposure to crystalline silica among foundry workers 
often exceeds the acceptable level, and sihca dust may disperse 
from the location where the castings and fetdings are done 
throughout the entire workplace [9]. Therefore, respiratory 
diseases, including silicosis and its related diseases, are a major 
health concern in foundries. Some epidemiologic evidence 
suggests that occupational exposures to crystalline silica may also 
be associated with renal and autoimmune diseases such as systemic 
sclerosis and rheumatoid arthritis [10]. In addition, Goodpasture's 
syndrome, the autoimmune disease of glomerulus, in foundry 
workers has been linked to a long-term exposure to crystalline 
silica [11]. Preventable deaths due to fatal injuries as well as 
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suicide [1,3] have also been implicated as a significant cause of 
death among foundry workers. Some researchers have suggested 
that the high risk of chronic disease and injury events are 
associated with a weak socioeconomic support system for foundry 
workers [12]. 

Studies that have analyzed the risk of non-malignant diseases 
among foundry workers are not frequently published, and the 
findings of the few published studies have been inconsistent. 
Critiques of these studies suggest a significant "healthy-worker 
effect" among foundry workers because the physically demanding 
nature of foundry work influences worker selection and survival 
[12,13]. Large cohort studies that compare mortality ratios of 
foundry production workers with general population or non- 
production workers are needed to avoid this healthy-worker effect. 

Our ongoing study has collected more than 150,000 person- 
years of data from Korean foundry production workers. Almost aU 
Korean foundries were established after the 1960s, and are 
therefore relatively new. The mortality patterns of workers from 
more recently established foundries have not been well studied. 
Therefore, it is unknown whether the mortality pattern among 
Korean foundry workers is comparable to foundry workers from 
Western countries in which the foundries are generally older. Only 
three previous studies have investigated the health problems of 
Korean foundry workers. These studies indicated that the overall 
morbidity from cancer, including lung cancer, were higher in 
foundry workers compared with the general population. Further- 
more, the prevalence of pneumoconiosis among Korean foundry 
workers was 3.7% [14-17]. The leading causes of death differ 
between Korean males and males from the Western population. 
Malignant diseases are the most common cause of death among 
the elderly Korean population, and lung, liver, and stomach 
cancer are the most common causes of death among all Koreans, 
with mortalit)' rates of 31.7, 21.8, and 19.4 per 100,000 people, 
respectively [18]. The second most common cause of death below 
age 60 is suicide, and the second most common cause of death 
above age 60 is cardiovascular and cerebrovascular disease [18]. 
However, the mortality rates from malignant and non-malignant 
disease among Korean foundry worker have not been well studied. 
Our results evaluate the total mortality due to malignant and non- 
malignant diseases as well as to fatal injuries in a large cohort of 
Korean foundry workers. Job-specific mortality was stratified by 
the following job categories: melting-pouring, molding-coremak- 
ing, fettiing, and uncategorizc-d production work. In addition, the 
rate of suicide was studied independentiy from other injury-related 
deaths. 

Methods 

Ethics statement 

This work was approvi^d by the Institutional Review Board 
(IRS) of Dongguk University Ilsan Hospital (IRB SOP 
ver4.0_20100401:2010-l-48). AU information used to write this 
paper was not hospital medical record. The cohort was 
constructed 10 years ago. This time, it is just followed the 
mortality through the mortality registry of Korea National 
Statistical Office (KNSO). So, IRB of Dongguk University was 
waived written consent of individual workers or their next of kin. 
In Korea the follow-up of the previous constructed cohort before 
Nov, 2012 is waived written consent, which is based on the 
premise that researchers protect personal information of all study 
subjects. 



Cohort definition 

The Korean Iron Foundry (KIF) study is an ongoing multi- 
industrial cohort study that includes 17,098 workers at 208 iron 
and steel foundries who were working anytime between 1 January 
1992 and 31 December 2000 [17]. The occupational history and 
the vital status were traced by retrospectively (from 1992 to 2000) 
as well as prospectively (after 2001). The foUow-up period 
encompassed the first day of employment or 1 January 1992 
(whichever date occurred later) until the date of death, 31 
December 2007, or 31 December 2008 for cancer deaths only 
(whichever date occurred first). The death rate among female 
foundry workers, who usually hold non-production work, was 
relatively low; therefore, female workers were excluded from the 
data analysis. The cohort included in this current study was 
comprised of 1 4,6 1 1 male foundry workers. 

Vital statistics have been linked with death records at the 
KNSO. This registr)- includes more than 99% of the death records 
of the general Korean population since 1992, when the cause of 
death information first became available. KNSO records provide 
the residence registration number (RRN; a unique 13-digit 
number assigned to all Koreans), cause of death (International 
Classification of Diseases, 10th Edition; ICD-10), and date of 
death for each record. 

Reference mortahty rates for the Korean male population were 
derived from tiie KNSO data for tiie years 1992 to 2007 (2008 for 
cancer mortality). The number of mortalities (i.e., the numerator 
of the mortality rate) are stratified by the type of disease (classified 
by the ICD-10), and age (in 5-year intervals). The total population 
(i.e., the denominator of the mortality rate) was obtained from a 
KNSO report of the registered population between the years 1 992 
and 2007 (2008 for cancer mortality) in which the population 
numbers were stratified by age (in 5-year intervals). 

Exposure assessment 

The current study did not assess individual exposures. In this 
study, foundry work was classified as either production or non- 
production work, and production work was further classified into 
four categories: melting-pouring, molding-coremaking, fettling, 
and uncategorized production work. For workers who had more 
than two types of job categories, the job category with the longest 
duration was chosen for analysis. Workers who worked in more 
than two job categories with the same duration, these workers 
were classified as two job categories respectively. If there was not 
enough information to get defining job categories, although 
workers worked for production workers, these workers were 
classified as uncategorized.". Only two job categories were used to 
calculate the Standardized Mortality Ratios (SMRs) to compare to 
the general Korean male population because 1) low rates of cancer 
across four job categories reduced statistical power; 2) some 
workers in the cohort had worked in more than 2 job categories at 
the same time; and 3) workers in different job categories at small 
companies do not work in separate locations, which suggests that 
workers have been exposed to similar hazards regardless of the job 
category [19-21]. Non-production workers were defined that who 
did not directiy treat hazardous materials in their job. Hence, non- 
production workers' job included general affairs, human resources, 
purchase materials, accounting, sc'crctan,-. driving, sales and other 
office work. However if some foundries were not well organized or 
separated their job systemically, the non-production workers 
somewhat exposed to the same hazards as production workers 
with relatively very low level. Also socioeconomic status, which 
affects the health, of non-production workers of foundry was 
similar to that of production workers. Because the scale of foundry 
was very small, the salary of non-production workers was not high 
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comparing to that of production workers. Therefore non- 
production workers are chosen as relatively good reference to 
measure exposure effect of foundry production workers in this 
study. 

Statistical analysis 

A classification table for the calculation of person-years and 
analysis of SMRs used the Person Year and Mortality Compu- 
tation Program (PAMCOMP) [22]. Person-year observ ations were 
jointiy classiSed into 5-year intervals, 3 calendar intervals (1992- 
1996, 1997-2002, 2003-2007), and 2 or 5 job categories (non- 
production or production, and non-production, melting-pouring, 
molding-coremaking, fetding, or uncategorized). Classification was 
based on a 5-year lag for all diseases. Hence, we didn't include the 
death within 5 years from the first employment. The SMRs and 
95% confidence intervals (95"/o CI) were calculated in reference to 
the general Korean male population non-production worker. The 
relative risk (RR) of hazard ratios and 95% CI were calculated 
using by Cox-proportional hazard model for comparison of 
mortahty ratios between production and non-production worker. 
"The relative risk (RR) of hazard ratios and 95% CI were 
calculated using by Cox-proportional hazard model for compar- 
ison of mortality ratios between production and non-production 
worker. The model includes such variables as job (production vs. 
non-production worker), age in 2001 (year of cohort construction), 
and duration of employmc-nt from the first employment to 
retirement (or quit to foundry work) (<10 years, 10^ years) to 
control confounding variables. These analyses were performed 
using the Windows-based SPSS statistical package (version 17.0; 
SPSS, Chicago, IL). We analyzed the RRs in two or more cases of 
death in non-production workers to ensure statistical power. 

Results 

Demographics 

In this study, we observed total of 187,734 person-years: 37,020 
person-years for non-production workers and 150,714 person- 
years for production workers. Among the 150,714 person-years for 
production workers, 33,245 person-years were categorized into the 
melting-pouring group, 52,052 person-years were categorized into 
the molding-coremaking group, 37,343 person-years were cate- 
gorized into the fettiing group, and 37,096 person-years were 
categorized into the uncategorized group. Non-production work- 
ers comprised approximately 20% (37,020 person-years) of the 
cohort. The mean age at which individuals started foundry work 
was 25.4 years (32.8 years at their present foundry) and more than 
half (51.1 %) of the foundry workers were first hired between the 
ages of 20 and 30 years old (Table 1). 

SMRs of non-malignant diseases of foundry workers 

compared with the general Korean men 

Across all foundry workers, 76 deaths occurred among 37,020 
person-years of non-production workers and 585 deaths occurred 
among 150,714 person-years of production workers. 

There were no significant increases in SMRs due to non- 
malignant disease among non-production workers (Table 2). The 
aU-cause mortality from non-malignant disease was significantiy 
lower in non-production workers compared with the general 
Korean men (SMR: 0.55; 95% CI: 0.43-0.69). The SMRs among 
non-production workers due to diseases of the circulatory system 
(SMR: 0.61; 95% CI: 0.39-0.92), digestive system (SMR: 0.54; 
95% CI: 0.27-0.97) including liver diseases (SMR: 0.51; 95% CI: 
0.23-0.97), fatal injury (SMR: 0.57; 95% CI: 0.36-0.85), and 



suicide (SMR: 0.41; 95% CI: 0.13-0.95) were significantiy lower 
than the SMRs among the general Korean men. 

There were no significant differences in SMRs due to non- 
malignant disease among production workers compared with the 
general Korean men, except for fatal injury (Table 2). The SMR 
due to fatal injury among production workers (SMR: 1.29; 95% 
CI: 1.12—1.47) was significantiy higher than the SMR in the 
general Korean men. The SMR due to pneumonia among 
foundry workers was 1.33, but this SMR was not significantiy 
different from the general Korean men. 

SMRs of malignant diseases of foundry workers 
compared with the general Korean men 

The aU-cause mortafity due to malignant disease was signifi- 
cantiy lower among non-production workers compared with the 
general Korean men (SMR: 0.64; 95% CI: 0.46-0.87) (Table 3). 
In addition, the SMR of stomach cancer was significantly lower 
among non-production workers compared with the general 
Korean men (SMR: 0.33; 95% CI: 0.09-0.84). The mortality 
due to other malignant diseases, such as colon, liver, pancreatic, 
lung, bladder, and lymphohematopoietic cancer, was not signif- 
icantiy different in non-production workers compared with the 
general Korean men. There were also no significant differences in 
the SMRs due to malignant disease among production workers 
compared with the general Korean men. 

SMRs of mafignant deaths according to employment duration 
[<10 years and lOS at the time of cohort construction (in 2001)] 
were analyzed. Overall cancer mortality of foundry production 
workers was not significantly decreased with duration of employ- 
ment from an SMR = 1 .06 at less than ten years to SMR = 1.03 at 
10 or more years. However stomach and lung cancer mortality 
were not significantiy increased with duration of employment from 
SMR = 0.93 and SMR = 0.99 at less tiian ten years to SMR = 1 .32 
and SMR= 1.14 at 10 or more years, respectively (data not 
shown). 

RRs due to non-malignant disease in production workers 
compared with non-production workers 

There were 585 cases of non-malignant deaths among 
production workers, including 99 among melting-pouring workers, 
204 among molding-coremaking workers, 149 among fettiing 
workers, and 1 54 among uncategorized workers (Table 4). The aU- 
cause mortality due to non-malignant disease was significantiy 
higher among production workers compared with non-produ[:tion 
workers (RR: 2.00; 95% CI: 1.57-2.56 across all production 
workers; RR: 1.50; 95% CI: 1.11-2.04 for melting-pouring 
workers; RR: 1.91; 95% CI: 1.46-2.51 for molding-coremaking 
workers; RR: 1.92; 95% CI: 1.45-2.55 for fettiing workers; and 
RR: 2.52; 95% CI: 1.90-2.34 for uncategorized workers). 

Production workers had significantiy higher mortality rates than 
non-production workers. These mortality rates were associated 
with the following: diseases of the circulatory system (RR: 1 .92; 
95% CI: 1.18-3.14) including cerebrovascular disease (RR: 1.48, 
95%CI: 1.13-1.90) but not ischemic heart disease, diseases of the 
respiratory sy.stem (RR: 5.71; 95% CI: 1.52-21.42 for uncategor- 
ized production worker), diseases of the digestive system (RR: 2.27; 
95% CI: 1.22-4.24) including liver disease (RR: 2.55; 95% CI: 
1.28-5.06), and injury, poisoning, and other external causes (RR: 
2.36; 95% CI: 1.52-3.66) including suicide (RR: 3.64; 95% CI: 
1.32-10.01). Eight deaths were due to pneumonia and 9 deaths 
were due to diseases of the genitourinary system, and these deaths 
were not significantiy related to production work. 
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Table 1. General character of foundry workers. 







Production workers 




Non-production workers 


Total workers 








N 


% 


N 


% 


N 


% 


No. of workers 




11,793 


80.7 


2,818 


19.3 


14,611 


100.0 


Person-years 




150,714 


80.3 


37,020 


19.7 


187,734 


100.0 


Age (year) in 2001 


20-29 


1,533 


13.0 


620 


22.0 


2,153 


14.7 




30-39 


2,595 


22.0 


933 


33.1 


3,528 


24.1 




40-49 


3,856 


32.7 


696 


24.7 


4,552 


31.2 




50-59 


2,642 


22.4 


406 


14.4 


3,048 


20.9 




60< 


1,167 


9.9 


163 


5.8 


1,330 


9.1 




Mean age 


44.7 ±11. 3* 




40.0±11.7* 




43.8±11.0 




Year first employed at foundry 


<1979 


5,213 


44.2 


1,131 


40.1 


6,344 


43.4 




1 QRn 1 QRQ 
1 30U 1 


4 1 04 


34 8 


856 


30.4 


4 960 


34 0 




£1990 


2,476 


21.0 


831 


29.5 


3,307 


22.6 


Age (year) first employed at 
foundry 


< 20 


2,854 


24.2 


437 


15.5 


3,291 


22.5 




20 - < 30 


5,720 


48.5 


1,747 


62.0 


7,467 


51.1 




30 - £ 40 


2,382 


20.2 


493 


17.5 


2,875 


19.7 




40 < 


837 


7.1 


141 


5.0 


978 


6.7 




Mean age 


25.5±9.2 




25.1 ±10.3 




25.4±8.9 





♦p<.01. 

doi:l 0.1 371 /journa!.pone.0088264.t001 



When subgroup analyses were undertaken, the RR due to 
digestive systems including liver diseases were significantiy 
increased in molding-coremaking and uncategorized workers 
(RR: 2.95; 95% CI: 1.53-2.89, RR: 2.21; 95% CI: 1.07-4.56 
for digestive systems, RR: 3.39; 94% CI: 1.66-6.95, RR: 2.38; 
95% CI: 1.08-5. 25 for liver disease, respectively). The mortality 
rate due to injury, poisoning, and other external causes, including 
suicide, was significantly higher among all subgroup compared 
with non-production worker. 

RRs due to malignant disease in production workers 
compared with non-production workers 

There were 274 deaths due to malignant disease, including 55 
among melting-pouring workers, 92 among molding-coremaking 
workers, 76 among fettling workers, and 65 among uncategorized 
workers (Table 5). The all-cause mortality due to malignant 
disease was significantly higher in production workers compared 
with non-production workers (RR: 1.90; 95% CI: 1.36-2.64 across 
all production workers, RR: 1.67; 95% CI: 1.11-2.53 among 
melting-pouring workers, RR: 1.66; 95% CI: 1.14-2.41 among 
molding-coremaking workers, RR: 1.85; 95% CI: 1.26-2.72 
among fettiing workers, and RR: 2.01; 95% CI: 1.35-2.99 among 
uncategorized workers). 

The mortality rates were significandy higher among production 
workers compared with non-production workers for the following 
disease categories: stomach cancer (SMR: 3.96; 95% CI: 1.41- 
11.06), and lung cancer (RR: 2.08; 95% CI: 1.01-4.30). There 
were no significant diflFerences in the mortality rates for colon, 
liver, pancreatic, bladder, or lympohematopoietic cancer. 

In the subgroup analyses of melting-pouring and molding- 
coremaking workers the increased mortality due to malignant 
diseases was not significant. The fettling workers had higher 
mortality ratio in stomach and lung cancer compared with non- 
production workers (RR: 3.57; 95% CI: 1.18-10.80, RR: 2.44; 



95% CI: 1.08-5.49, respectively). There were no significant 
increments of mortality in subgroup analyses of uncategorized 
workers. 

The RRs were calculated according to employment durations 
between 10 or more year and less than 10 years. The RRs of 
overall cancer (RR= 1.14, 95%CI = 0.91-1.44) and lung cancer 
(RR= 1.07, 95%CI = 0.65-1.76) mortalities were not significandy 
increased at employment duration with 10 and more years 
comparing to at less than 10 years. However RR of stomach 
cancer mortality was significantly increased (RR=1.83, 
95%CI= 1.06-3.16) at 10 and more years (Data not shown). 

Discussion 

This large retrospective and prospective cohort study found that 
foundry production workers have an increased risk of mortality 
due to both malignant and non-malignant diseases compared with 
foundry non-production workers. We stratified the production job 
categories into melting-pouring, molding-coremaking, fetding, and 
uncategorized production work. The cause-specific mortality rates 
among all production workers as well as within each job category 
are high enough to cause significant concern of occupational 
medicine. 

Although the smoking status of an individual is a significant risk 
factor for various chronic diseases, including pulmonary and 
cardiovascular diseases, we did not adjust the SMRs and RRs by 
smoking history due to a lack of information. Therefore, the 
relatively higher mortality of lung cancer among production 
workers may be due to confounding effect of smoking. However, 
our previous survey in 2001 that examined 1,000 foundry workers, 
the smoking history of foundry production workers was not higher 
than either the general Korean male men or foundry non- 
production workers [17]. Also, three studies for evaluating 
pulmonary function of Korean foundry workers surveyed the 
smoking status. One study showed that the smoking rate (64. 1 %) 
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Table 2. Standardized Mortality Ratio (SIVIR) of non-malignant disease (Reference: Korean men). 









Non-production 


Production 


Total 


Person-years 




37,020 


150,714 


187,734 


All non-malignant death 


N 


76 


585 


661 




SMR 


0.55 


1.06 


0.96 




95%CI 


0.43-0.69 


0.97-1.15 


0.89-1 .03 


Disease of circulatory system 


N 


23 


128 


151 




SMR 


0.61 


0.89 


0.84 




95%CI 


0.39-0.92 


0.75-1.06 


0.71-0.98 


Ischemic heart diseases 


N 


7 


33 


40 




SMR 


0.8 


0.92 


0.9 




95%CI 


0.32-1.65 


0.64-1.30 


0.64-1.23 


Cerebrovascular disease 


N 


13 


61 


74 




SMR 


0.65 


0.83 


0.79 




95%CI 


0.34-1.11 


0.63-1.06 


0.62-0.99 


Disease of respiratory system 


N 


3 


25 


28 




SMR 


0.39 


0.97 


0.84 




95%CI 


0.08-1.14 


0.63-1.43 


0.56-1.21 


Pneumonia 


N 


2 


8 


10 




SMR 


1.22 


1.36 


1.33 




95%CI 


0.14-4.39 


0.59-2.68 


0.64-2.45 


Disease of the digestive system 


N 


11 


102 


113 




SMR 


0.54 


1.13 


1.03 




95%CI 


0.27-0.97 


0.93-1.38 


0.85-1.23 


Liver diseases 


N 


9 


93 


102 




SMR 


0.51 


1.16 


1.04 




95%CI 


0.23-0.97 


0.94-1.42 


0.85-1.27 


Disease of the genitourinary system 


N 


3 


9 


12 




SMR 


1.43 


1.07 


1.14 




95%CI 


0.29-4.18 


0.49-2.04 


0.59-2.00 


Injury, poisoning and external causes N 


23 


219 


242 




SMR 


0.57 


1.29 


1.15 




95%CI 


0.36-0.85 


1.12-1.47 


1.01-1.30 


Suicide 


N 


5 


61 


66 




SMR 


0.41 


1.19 


1.04 




95%CI 


0.13-0.95 


0.91-1.53 


0.80-1.32 



doi:l 0.1 371 /journal.pone.0088264.t002 

of production workers significantly lower than those of non- 
production workers (74.5%) and Korean men (68.2%) [23]. 
Another two studies showed that the smoking rate of production 
workers was not significandy different from those of non-fovmdry 
workers [24,25]. Furthermore, ischemic heart disease, the well- 
known smoking associated disease, is not increased among 
production workers in current study. Hence, these results suggest 
that the high mortality rates in production workers of current 
study might not be occupied by smoking history only. To elucidate 
the health effect of foundry work, further researches including 
personal smoking history are needed. 

This current study shows that the all-cause mortality rate of 
foundry workers was lower than that of the general Korean men. 
However, there may be a significant healthy-worker effect among 
foundry workers because foundry work is physically demanding, 
which may influence worker selection and survival [12,13]. The 



scale of Korean foundry was very small. The foundries which have 
more than one hundred workers occupied less than 10 percent 
among 208 foundries of this cohort. So, working environment is 
poor and work load is too heavy to endure foundry works. In 
Korea, foundry work is perceived to be "3D" (difficulty, dirty and 
dangerous) [17]. Therefore just healthy workers can endure it. 
This might cause severe healthy worker effect in Korean foundry. 
This healthy-worker effect is strong enough that even the lung 
cancer mortality of foundry workers was not as high as the general 
Korean men in the current study (table 2, 3), despite that foundry 
workers are at a significantly increased risk of exposure to lung 
carcinogens. Even though lung cancer mortality was not 
significandy increased with duration of employment from 
SMR = 0.99 at less than ten years to SMR= 1.14 at 10 or more 
years. The healthy-worker effect was observed in several diseases 
in which the risk of mortality in foundry workers was lower than 
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Table 3. Standardized Mortality Ratio (SIVIR) of malignant 
disease (Reference: Korean men). 









Non- 
production 


Production 


Total 


Pcrson-ycsrs 




38 01 7 


1 54 584 


1 92 600 


All msli^nsnt 
diseases 


N 


41 


274 


315 




SIMR 


0.64 


1.04 


0.96 




95%CI 


0.46-0.87 


0.92-1.17 


0.86-1.07 


Stomach 


N 


4 


53 


57 




SiMR 


0.33 


1.08 


0.93 




95%CI 


0.09-0.84 


0.81-1.41 


0.70-1.20 


Colon 


N 


5 


18 


23 




SMR 


1.21 


1.06 


1.09 




95%CI 


0.39-2.83 


0.63-1.68 


0.69-1.64 


Liver 


N 


14 


73 


87 




SMR 


0.86 


0.99 


0.97 




95%CI 


0.47-1.44 


0.78-1.25 


0.78-1.20 


Pancreas 


N 


2 


9 


11 




SMR 


0.74 


0.78 


0.78 




95%CI 


0.08-2.66 


0.36-1.49 


0.39-1.39 


Lung 


n 


9 


56 


65 




SMR 


0.67 


1.06 


0.98 




95%CI 


0.31-1.27 


0.80-1.38 


0.76-1.25 


Urinary bladder 


N 


2 


5 


7 




SMR 


2.91 


2.04 


2.23 




95%CI 


0.33-10.51 


0.66-4.77 


0.90-4.60 



LympohematopoieticN21 61 8SMR0.751 .441 .395%CI0.08-2.700.82-2.330.77-2.06 
doi:1 0.1 371 /journal.pone.0088264.t003 



the risk in the general population. The relatively short-term follow- 
up period in the current study may not be long enough to 
overcome the healthy-worker effect. To further control for the 
healthy-worker effect, our study included foundry non-production 
workers as an internal reference group. The results of the current 
study indicated that certain cause-specific mortality rates were 
higher among production workers compared with non-production 
workers even though these rates were not higher than the general 
Korean men. However, we could not confirm whether these low 
mortalities are due to health work effect or just means 
unrelatedness. Therefore, our results suggest that mortality rates 
among foundry workers are high enough compare to non- 
production workers, and warrant concern of occupational 
medicine. 

Our study provides evidence to support an increased risk of lung 
cancer among total foundry production workers (table 5). 
Production workers are exposed to various lung carcinogens, such 
as crystalline silica, asbestos, chromium, cadmium, nickel, and 
PAHs. A study from Sweden reported that the exposure levels of 
dust and quartz in fettler and furnace workers were higher than 
that in other production workers [26]. Melting-pouring workers 
may be exposed to fumes from molten metal, whereas fettiers and 
molding-coremaking workers may be exposed to metallic dust and 
fumes that are produced during cutting, welding, and grinding 
[27]. Production workers are also exposed to PAHs that are 
formed and vaporized from pyrolysis products at the mold-metal 
interface. In our study, total production workers (RR: 2.08), 



especially fettling workers (RR: 2.44), had a high risk of mortality 
due to lung cancer. 

Although the stomach cancer mortality of foundry workers was 
not higher than that of the general Korean men, our study showed 
that mortality due to stomach cancer was higher in production 
workers compared with non-production workers (RR: 3.96). The 
job-stratified analyses also showed high mortality risks of stomach 
cancer among fettling (RR: 3.57) and uncategorized job categories 
(RR: 3.57). Also RRs of stomach cancer mortality was significantiy 
increased (RR= 1.83, 95%CI= 1.06-3.16) at 10 and more years 
comparing to at less than 10 years. These findings are supported 
by the results of another cohort study from the United Kingdom 
that followed more than 10,000 workers and found a significant 
increase in stomach cancer among production workers [28]. 
Furthermore, a nested case-control study from China [29] 
reported that production workers had an increased risk of stomach 
cancer even after adjusting for non-occupational risk factors such 
as smoking and dietary patterns. Another study has shown a 
considerable association between the pathogenesis of stomach 
cancer and exposure to N-nitrosamines in production workers 
[30]. N-nitrosamine compounds are well-known carcinogens, and 
the incidence of gastric cancer was increased when workers in the 
metal [31] and leather tanning [32] industries were exposed to 
high levels of N-nitrosamines. In foundry work, N-nitrosamines 
may be produced during molding-coremaking and casting 
operations [33]. A case-control study that investigated the 
association between gastric cancer and occupational exposures 
found an increased risk of gastric cancer among workers who were 
exposed to lead and crystalline silica [34]. Inhaled dust that is 
removed from the respiratory tract may be swallowed, and this 
dust may become an irritant in the gastric environment [35]. 
Furthermore fetding workers are exposed to metalworking fluids 
when cleaning and finishing were doing for foundry products [36]. 
Exposure history of metalworking fluids were associated to 
increased risk of stomach cancer in foundry workers [36]. In 
nested case-control study, the mortality of stomach cancer in 
automobile machinists was related with exposure history of 
metalworking fluid [37]. 

The ingredients in the organic resin binder for molds may be 
released into the workplaces environment through pyrolysis. 
Therefore, production workers may be exposed to several 
carcinogens that have been implicated in lymphohematopoietic 
cancer, such as formaldehyde, benzene, and PAHs [38]. A 
previous study from Korea reported that the level of formaldehyde 
in foundries was 0.12-0.06 ppm [17], and the highest exposure 
levels of benzene were 0.35-2.46 ppm [39]. The 3 most common 
sand resins are novolac, furan, and phenolicurethane (phenol- 
formaldehyde based), and the major products of thermal 
decompositions are phenol, furan, and benzene, respectively 
[40] . A study that aimed to identify the sources of benzene during 
the casting process suspected xylene-sulfonic acid, which is a 
solidifying agent, to be the source of benzene through thermal 
decomposition above 400°C [41], and found the mean concen- 
tration of the produced benzene to be 2.91 ppm (range 1.98- 
3.72 ppm). Therefore, production workers may be exposed to 
benzene even when benzene is not used as a raw material. 
Although there were no significant increments of RR among 
production workers, in the present study, 16 cases of lymphohe- 
matopoietic cancer were reported, and the risk of this cancer was 
big among production workers who were potentially exposed to 
these toxins compared with only 2 cases among non-production 
workers (RR: 1.91; 95% CI:0.44-8.29). 

A recent meta-analysis from 40 systematically extracted results 
showed a positive but weak association between bladder cancer 
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Table 4. Relative risk (RR) of hazard ratio of non-malignant deaths (compared with non-production workers). 









Production 


MeltinQ & pouring 


Moldinci & core mdkinc) 


Fettling 


Unc3tegorized 


Person-years 




150,714 


33,245 


52,052 


37,343 


37,096 


All non-malignant death 


N 


585 


99 


204 


149 


154 




RR" 


2.00 


1.50 


1.91 


1.92 


2.52 




95% CI 


1.57-2.56 


1.11-2.04 


1.46-2.51 


1.45-2.55 


1 .90-2.34 


Diseases of the circulatory 


N 


128 


24 


39 


31 


40 


system 
















RR 


1.92 


1.64 


1.60 


1.71 


275 




95%CI 


1.18-3.14 


0.86-3.1 1 


0.91-2.85 


0.95-3.07 


1 .57-4.80 


Ischemic heart diseases 


N 


33 


9 


7 


8 


9 




RR 


1.60 


1.94 


0.85 


1.44 


1.86 




95%CI 


0.66-3.88 


0.67-5.61 


0.28-2.55 


0.49-4.25 


0.65-5.34 


Cerebrovascular diseases 


N 


61 


8 


21 


17 


21 




RR 


1.85 


1.01 


1.64 


1.93 


2.91 




95%CI 


0.93-3.68 


0.42-2.85 


0.75-3.61 


0.85-4.35 


1 .34-6.30 


Diseases of the respiratory 


N 


25 


3 


6 


5 


11 


system 
















RR 


2.68 


1.38 


1.74 


1.66 


5.71 




95%CI 


0.79-9.15 


0.26-7.29 


0.41-7.44 


0.39-7.06 


1.52-21.42 


Pneumonia 


N 


8 


1 


3 


1 


3 




RR 


1.11 


0.57 


1.10 


0.46 


1.84 




95%CI 


0.23-5.34 


0.05-6.39 


0.18-6.69 


0.04-5.12 


0.30-1 1.37 


Diseases of the digestive 


N 


102 


13 


48 


20 


23 


system 
















RR 


2.27 


1.29 


2.95 


1.68 


2.21 




95%CI 


1 .22-4.24 


0.58-2.89 


1.53-5.68 


0.81-3.51 


1 .07-4.56 


Liver diseases 


N 


93 


11 


45 


19 


20 




RR 


2.55 


1.35 


3.39 


1.96 


2.38 




95%CI 


1 .28-5.06 


0.56-3.25 


1 .66-6.95 


0.89-4.34 


1 .08-5.25 


Diseases of the 


N 


9 


0 


2 


0 


7 


genitourinary system 
















RR 


0.94 


- 


0.49 


- 


3.39 




95%CI 


0.24-3.63 


- 


0.08-2.97 


- 


0.84-13.70 


Injury, poisoning and other 


N 


219 


49 


72 


60 


47 


consequences of external 














causes 
















RR 


2.36 


2.34 


2.22 


2.51 


2.28 




95%CI 


1 .52-3.66 


1 .44-3.95 


1.37-3.57 


1.54-4.09 


1.37-3.79 


Suicide 


N 


61 


15 


18 


18 


13 




RR 


3.64 


4.05 


3.07 


4.11 


373 




95%CI 


1.32-10.01 


1.34-12.21 


1 .04-9.08 


1.39-12.16 


1.20-11.57 



"Cox-proportional hazard model: stratified on age and employment duration. 
doi:l 0.1 371/journal.pone.0088264.t004 



mortality and foundry work [8]. Naphthalamines, which have 
been associated with bladder cancer, may be generated from the 
heating of sand additives in foundry workplace [42] . In the current 
study, there were only 5 deaths from bladder cancer, and these 
deaths were not shown to be related to production work. Because 
some malignant diseases, including bladder cancer, have a low 
mortality rate and a high survival rate, it is difficult to detect an 
association between occupational exposures and these malignant 
diseases. Therefore, more follow-up years or an additional 



morbidity study is needed to determine the relationship between 
bladder cancer and foundry work. 

Although the liver is the most common target organ for many 
toxic chemicals that individuals are exposed to within the work 
environment, there is a lack of evidence for a relationship between 
production work and mortality due to liver disease. Furthermore, 
in the current study, mortality from liver disease was not higher in 
production workers compared with the general Korean men. This 
result may be due to a strong healthy-worker effect. However, a 
well-designed cohort study from Germany [43] showed that 
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Table 5. Relative risk (RR) of hazard ratio of malignant deaths (compared with non-production workers). 








Production 


Melting & pouring 


Molding & core 
making 


Fettling 


Uncategorized 


Person-years 




154,584 


34,082 


53,390 


38,220 


38,125 


All malignant death 


N 


274 


55 


92 


76 


65 




RR' 


1.90 


1.67 


1.66 


1.85 


2.01 




95%CI 


1 .36-2.64 


1.11-2.53 


1.14-2.41 


1.26-2.72 


1 .35-2.99 


Stomach 


N 


53 


10 


14 


15 


14 




RR 


3.96 


2.83 


2.59 


3.57 


4.42 




95%CI 


1.41-11.06 


0.89-9.06 


0.84-7.99 


1.18-10.80 


1.43-13.65 


Colon 


N 


18 


4 


6 


5 


6 




RR 


0.99 


0.89 


0.95 


0.96 


1.41 




95%CI 


0.36-2.70 


0.24-3.35 


0.28-3.22 


0.28-3.37 


0.44-4.69 


Liver 


N 


73 


14 


28 


18 


16 




RR 


1.35 


1.31 


1.36 


1.23 


1.31 




95%CI 


0.76-2.40 


0.62-2.75 


0.71-2.60 


0.61-2.48 


0.61-2.48 


Pancreas 


N 


9 


2 


5 


3 


1 




RR 


1.25 


1.17 


1.91 


1.69 


0.57 




95%CI 


0.27-5.93 


0.16-8.44 


0.36-10.12 


0.27-10.65 


0.05-6.50 


Lung 


N 


56 


11 


17 


20 


11 




RR 


2.08 


1.69 


1.52 


2.44 


1.75 




95%CI 


1.01-4.30 


0.67-4.24 


0.66-3.50 


1 .08-5.49 


0.70-4.34 


Urinary bladder 


N 


5 


1 


3 


0 


1 




RR 


0.99 


1.05 


1.73 




0.94 




95%CI 


0.17-5.84 


0.07-14.83 


0.23-12.83 




0.07-12.07 


Lympohematopoietic 


N 


16 


2 


4 


4 


6 




RR 


1.91 


1.07 


1.37 


1.82 


3.15 




95%CI 


0.44-8.29 


0.15-7.65 


0.25-7.51 


0.33-9.97 


0.63-15.69 


^Cox-proportional hazard model: stratified on age and employment duration. 



doi:l 0.1 371 /journal.pone.0088264.t005 



production workers had an increased mortality due to liver disease 
that was most likely related to exposures to nitrosamines, PAH, 
and various solvents that were used in the foundry processes. 
Nitrosamines can be produced from dimethyl-ethylamine through 
molding-coremaking and casting operations, and it can also be 
contaminated with secondary and tertiary amines [33]. In the 
current study, more than 90% of the 120 deaths due to digestive 
system complications were related to liver disease. We also found 
an increased risk of non-malignant liver diseases in production 
workers compared with non-production workers. Our previous 
study showed that non-specific hepatic enzymes are higher in 
foundry production workers compared with the general Korean 
population [17], and that these high levels may be related to heavy 
alcohol use among production workers. Therefore, an analysis of 
the mortality due to liver disease in foundry production workers 
should control for alcohol consumption to determine the 
contribution of occupational exposures. 

Foundry work requires extreme physical exertion with high 
aerobic demands and the lifting of static loads. The physical 
demands are exacerbated by shift-work schedules and job strain 
[44]. Furthermore, production workers are exposed to both 
extreme temperatures and carbon monoxide (CO) [5], which 
increase the risk of cardiac disease [45]. Exposure to CO may 
induce tissue hypoxia and worsen cardiovascular demand, which 
may potentially contribute to coronary artery disease in produc- 



tion workers. CO toxicity combined with heavy physical demands 
may contribute a synergic effect on cerebrovascular disease in 
production workers. Although this hypothesis is biologically 
plausible [44,46] , there has been no consistent consensus on toxic 
cardiac effects resulting from a moderate chronic exposure to CO. 
The geometric mean values of CO levels were 0.58-7.34 ppm in 
30 foundries during 2001-2002 [47]; therefore, it is not clear 
whether these relatively lower exposures of CO are independendy 
linked to mortality due to cardiovascular disease. In the present 
study, we observed an increased risk of cardiovascular disease 
among foundry workers (RR: 2.91; 95% CI: 1.34-6.30 m 
uncategorized worker), but the association between ischemic heart 
disease and production work could not be confirmed. The 
mortahty study could not determine the association between the 
incidence of chronic disease and exposure to various occupational 
risk factors. Therefore, further morbidity studies are needed to 
elucidate the nature of the relationship between ischemic heart 
disease and production workers. 

High levels of toxic gases, fumes, and mineral dust, including 
crystalline silica, are generated from various foundry work 
processes, such as melting, pouring, molding, and fettling. The 
high exposure levels of dust in foundry workers have been 
associated with various respiratory symptoms, including coughing, 
phlegm production, and wheezing, as well as a reduction in 
pulmonary function [48]. Furthermore, various respiratory 
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abnormalities have been observed in production workers, and the 
results of a pulmonary function test were found to be inversely 
correlated with the duration of work after adjusting for age, height, 
and smoking status [49] . In addition, molding and furnace workers 
[49] have a 4- to 8-fold greater risk of developing pneumoconiosis 
compared with non-production workers [49]. In a cross-sectional 
study of 30 foundries in Korea [47], pneumoconiosis was 
diagnosed in 5.8% of a total of 872 workers. Exposure to 
crystalline silica increases the risk of various respiratory abnor- 
malities, including pulmonary tuberculosis and chronic obstructive 
pulmonary disease (COPD). Although the mortality across all 
production foundry workers was not higher than the general 
Korean men due to the healthy-worker effect, the results of our 
current study show that mortality due to respiratory diseases was 
significandy increased in uncategorized production workers 
compared with non-production workers in table 4 (RR: 5.71; 
95% 01:1.52-21.42). 

Injuries o[:[:ur in relatively younger workers due to work 
inexperience. Injuries can result in a severe loss of potential 
working years compared with chronic disease and cancer [50]. 
Unintentional injuries are preventable, and investigations into the 
causes of occupational injuries are critical to the improvement of 
occupational health in foundry production workers. Production 
workers have a high risk of injury due to exposure to molten metal, 
heat, dust, fumes, gases and vapors, noise, vibration, strenuous 
physical activity, and heavy machinery [51]. The healthy-worker 
effect does not relate to accidentcJ injuries. Therefore, the 
production workers in our study had a higher risk of injuries 
compared with both non-production workers and the general 
Korean men (table 2, 4). 

Almost 30% of deaths as a result of injury were linked to suicide. 
Several studies have reported different suicide rates across various 
occupations. These studies have reported an elevated risk for 
suicide among workers with low incomes, high stress levels, and/ or 
easy access to lethal means [52]. Nevertheless, a study from New 
Zealand showed that easy access to lethal means could not fuUy 
explain the high suicide risk among certain occupations [53]. 
Suicide is linked to psychiatric illness [54], but the risk of suicide 
may also be influenced by occupational stress as well as a low 
socioeconomic support system. The production workers in our 
study had a high risk of mortality due to suicide. This finding raises 
social concerns that may promote furth(;r in\^estigations to 
elucidate the reasons for suicide among vulnerable occupations. 

10 years cut-point of employment duration used to examine the 
possibility that longer employment duration in production work 
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